Barrier structures (for example, epithelia around tissues and plasma membranes around cells) are required for internal homeostasis and protection from pathogens. Wound detection and healing represent a dormant morphogenetic program that can be rapidly executed to restore barrier integrity and tissue homeostasis. In animals, initial steps include recruitment of leukocytes to the site of injury across distances of hundreds of micrometres within minutes of wounding. The spatial signals that direct this immediate tissue response are unknown. Owing to their fast diffusion and versatile biological activities, reactive oxygen species, including hydrogen peroxide (H 2 O 2 ), are interesting candidates for wound-to-leukocyte signalling. Here we probe the role of H 2 O 2 during the early events of wound responses in zebrafish larvae expressing a genetically encoded H 2 O 2 sensor 1 . This reporter revealed a sustained rise in H 2 O 2 concentration at the wound margin, starting 3 min after wounding and peaking at 20 min, which extended 100-200 mm into the tail-fin epithelium as a decreasing concentration gradient. Using pharmacological and genetic inhibition, we show that this gradient is created by dual oxidase (Duox), and that it is required for rapid recruitment of leukocytes to the wound. This is the first observation, to our knowledge, of a tissue-scale H 2 O 2 pattern, and the first evidence that H 2 O 2 signals to leukocytes in tissues, in addition to its known antiseptic role.
Hydrogen peroxide (H 2 O 2 ) is a chemically relatively stable reactive oxygen species (ROS) that can diffuse in tissues and cross cell membranes 2 , making it an interesting candidate for paracrine tissue signalling. Plants exploit H 2 O 2 as a paracrine signal to regulate xylem differentiation and lignification 2 . The known signalling roles of H 2 O 2 in animals are primarily within the cytoplasm, where it regulates metabolism, phosphatase activity and gene transcription, and causes oxidative damage at higher concentrations 3 . Paracrine signalling has been seen in cell culture experiments, but these may not faithfully mimic extracellular conditions in tissues 2 .
To investigate possible paracrine signalling by H 2 O 2 , we imaged its spatiotemporal dynamics, together with leukocyte motility, in an intact vertebrate tissue subjected to mechanical wounding. The zebrafish larval tail fin has become a popular vertebrate model system to study inflammatory and regenerative responses to wounds [4] [5] [6] [7] . Rapid leukocyte recruitment to the wound can be easily imaged, and the molecular dynamics of the tissue perturbed using morpholino knockdown, transgenic expression and pharmacology.
We measured H 2 O 2 by expressing HyPer, a genetically encoded ratiometric sensor that is highly selective for H 2 O 2 over other ROS 1 . HyPer consists of the bacterial H 2 O 2 -sensitive transcription factor OxyR fused to a circularly permuted yellow fluorescent protein (YFP). Cysteine oxidation of the OxyR part induces a conformational change that increases emission excited at 500 nm (YFP 500 ) and decreases emission excited at 420 nm (YFP 420 ). This change is rapidly reversible within the reducing cytoplasmic environment, allowing dynamic monitoring of intracellular H 2 O 2 concentration. We introduced HyPer by messenger RNA injection into zebrafish embryos to induce global cytoplasmic expression ( Fig. 1a ) and confirmed that HyPer ratios respond to externally added H 2 O 2 ( Supplementary  Fig. 1a ).
Upon local injury of the tail fin of zebrafish larvae at 3 days post fertilization (3 d .p.f.), we observed a rapid and marked increase in HyPer ratio signal (YFP 500 /YFP 420 ) at the wound margin ( Fig. 1b and Supplementary Movie 1). To test if this was caused by a nonspecific environmental effect (for example, pH change), we expressed YFP alone, and observed only a marginal fluorescence increase, most probably due to ruffling/contraction of the wound margin inducing a local increase in tissue thickness ( Supplementary Fig. 1b) . Similarly, the pH reporter BCECF-AM did not indicate a major contribution of pH to the wound margin signal. H 2 O 2 production at the wound margin was confirmed by using the H 2 O 2 -selective fluorogenic probe acetyl-pentafluorobenzene sulphonyl fluorescein 8 ( Supplementary  Fig. 1c ). Hence, the primary wound margin signal is due to H 2 O 2 or a closely related molecule-HyPer does not respond to superoxide (O 2 2 ) or nitric oxide (NO) 1 . The H 2 O 2 signal peaked ,20 min after wounding ( Fig. 1c ). At this time, the observable H 2 O 2 gradient extended ,100-200 mm inward from the wound margin ( Fig. 1d ), so that its low concentration end approached the nearest blood vessel.
We quantified leukocyte recruitment to the wound by imaging transmitted light and two different leukocyte-specific fluorescent tags: mpo::GFP (ref. 9) (Figs 2d and 3c) and lysC::DsRED2 (ref. 10) ( Fig. 1e ). Some leukocytes were located in the fin at the time of wounding, whereas others were apparently recruited from the vasculature. Excluding occasional cases where a leukocyte was already present at the wound site, the first leukocyte arrived at the wound margin 17 6 6 min after wounding (mean 6 s.d. of n 5 14 larvae). This timing is superimposed on a typical H 2 O 2 profile in Fig. 1c . Wound margin H 2 O 2 production clearly preceded recruitment of the first leukocyte in most cases (see also Fig. 1e , Supplementary  Fig. 1d and Supplementary Movie 2), indicating that the source of H 2 O 2 must be tail-fin epithelial cells, not leukocytes. This finding runs counter to the prevailing view that ROS production during inflammatory responses originates from leukocyte oxidative bursts 11 .
The main physiological source of extracellular H 2 O 2 is likely to be NADPH oxidases, which transport electrons from cytoplasmic NADPH to generate O 2 2 or H 2 O 2 in phagosomes or outside the cell 12 . The zebrafish genome encodes Nox1, Nox2 (leukocyte oxidase), Nox4, Nox5 and a single isoform of Duox 13 (Fig. 2a ). Nox1-5 generate superoxide, which can be dismutated into H 2 O 2 by separate superoxide dismutase (SOD) enzymes, whereas Duox generates H 2 O 2 without requiring a separate SOD 14 . To test for a role of any Nox enzyme in generating wound margin H 2 O 2 , we added two structurally unrelated small molecule inhibitors of the whole family, diphenyleneiodonium (DPI) and VAS2870 [15] [16] [17] [18] , to the bathing water before wounding. Both efficiently inhibited H 2 O 2 production without obvious toxicity ( Fig. 2b , c; see also Supplementary Movie 3).
We next quantified leukocyte recruitment in the mpo::GFP fish line 9 during the peak period of H 2 O 2 production. Under control conditions, an average of 4-6 leukocytes arrived at the wound margins within the first 42 min after wounding. Nox inhibition strongly attenuated leukocyte recruitment to the wound during this initial phase of the response, with less than one leukocyte arriving, on average, in drug-treated larvae (Fig. 2d , e and Supplementary Movie 4).
The specific Nox that generates wound margin H 2 O 2 was identified by targeting pre-mRNA splice sites with antisense morpholinos. Interference with pre-mRNA splicing of P22 phox (cyba), an essential subunit of Nox1-4 (ref. 12 ), led to quantitative conversion of its mRNA level into a mutant with a premature stop codon that probably terminated translation of P22 phox after the 28th amino acid residue ( Supplementary Fig. 2c , inset). This had no effect on the H 2 O 2 gradient ( Supplementary Fig. 2a -c and Supplementary Movie 5) or leukocyte recruitment to the wound ( Supplementary Fig. 2d ). Nox5 and Duox remained as candidates. By semi-quantitative polymerase chain reaction (PCR) we confirmed that duox but not nox5 is expressed in tail-fin tip tissue ( Supplementary Fig. 3c ). In mammals, DUOX is mainly expressed in the thyroid gland, where it generates H 2 O 2 for organification of I -(ref. 19 ), but also in epithelial surfaces that contact liquid environments, including the luminal surface of the gut and lung. Extracellular H 2 O 2 made by DUOX is thought to react with halide or thiocyanate, catalysed by secreted lactoperoxidases, to generate more ROS that kill luminal bacteria 20, 21 . DUOX contains two Ca 21 binding EF-hand motifs and, at least in cell culture, can be activated by Ca 21mobilizing small molecules 22 and by mechanical cell injury 23 , making it a good candidate for wound signalling.
Morpholino-induced perturbation of duox pre-mRNA splicing (Fig. 3b , inset) caused a developmental morphology phenotype characterized by cell death predominantly in the head region. This phenotype is probably specific for duox knockdown, because two independent splice morpholinos, but not a corresponding 5misprime morpholino, induced the same phenotype (not shown). To generate morphologically normal tail fins for the assay, we simultaneously knocked down p53, which partially rescued the duox knockdown morphological phenotype. Notably, we found a significant reduction of wound-induced H 2 O 2 production in duox/p53 knockdown larvae compared with duox 5-MP/p53 controls (Fig. 3a,  b , Supplementary Fig. 2a and Supplementary Movie 6). Furthermore, duox knockdown strongly attenuated recruitment of leukocytes to the wound (Fig. 3c, d and Supplementary Movies 7 and 8 ). This attenuation was not caused by a reduction of total leukocyte number in duox knockdown larvae ( Supplementary Fig. 2e ). Duox knockdown did cause a significant reduction in the number of leukocytes infiltrating the tail fin after wounding, reducing it to near the level seen in unwounded fins ( Supplementary Fig. 3a) . It also caused a significant decrease in directional migration towards the wound, whereas basal leukocyte motility, as observed in the absence of a wound, was not affected. These data implicate Duox as the main source of wound margin H 2 O 2 required for rapid leukocyte recruitment.
We have visualized, for the first time, a tissue-scale gradient of H 2 O 2 induced by wounding, found that it is generated by Duox activity in epithelial cells, and shown that it is required for leukocyte recruitment to the wound. On the basis of published calibration of HyPer in tissue culture 1 , wound-induced extracellular H 2 O 2 may reach concentrations of ,0.5-50 mM near the wound margin. The gradient was established within 10 min of wounding, and gradually dissipated over ,1-2 h. Visual inspection of movies (Figs 1e, 2d and 3c) suggested that leukocytes sensed the wound within ,10 min, from distances as large as 200 mm. Thus, the spatiotemporal scales of the H 2 O 2 gradient and the leukocyte response were roughly similar. Trajectory analysis showed that the H 2 O 2 gradient stimulated leukocyte recruitment mainly by increasing directionality of leukocyte migration and tissue infiltration ( Supplementary Fig. 3a and Supplementary Movies 4 and 8) . This argues against a permissive role of extracellular H 2 O 2 for basal leukocyte motility in our assay, and favours the idea that wound margin H 2 O 2 production spatially instructs rapid wound recruitment of leukocytes, either by direct chemotactic signalling or by stimulating production of a downstream chemoattractant. Direct chemotactic activity of H 2 O 2 was previously demonstrated in vitro for neutrophils 24 and vascular smooth muscle cells 25 at concentrations 24 (,10 mM) that are roughly consistent with our estimation of wound margin [H 2 O 2 ]. Together with our data, this raises the possibility that H 2 O 2 itself acts as a paracrine, chemotactic signal during the initial phase of wound detection. Leukocytes might express trans-membrane receptors for H 2 O 2 -none are known, but T-type Ca 21 channels are thought to have this function in sensory neurons 26 . Alternatively, H 2 O 2 might direct migration by entering the cytoplasm and locally modifying intracellular receptors, such as the redox-sensitive phosphatase PTEN 27 . Phosphatidylinositol-3,4,5-trisphosphate phosphatases such as PTEN or SHIP1 are thought to be important regulators of chemoand electrotactic responses [28] [29] [30] . Our current data do not distinguish whether the spatial H 2 O 2 gradient reflects diffusion from a localized source at the wound margin combined with global breakdown by catalases and/or peroxidases, or rather a gradient of H 2 O 2 production induced by some upstream regulatory pattern, such as an electric field or a spatial gradient of an upstream signalling molecule. DUOX was previously implicated in constitutive ROS-induced microbial killing by mucosal epithelia 19 . Our data implicate it, for the first time, as a major, non-myeloid ROS source in the initial phase of inflammation. We hypothesize that the DUOX/lactoperoxidase system evolved to have two useful roles in early responses to epithelial wounding: local killing of invading bacteria, and rapid recruitment of phagocytic leukocytes from distant sites.
METHODS SUMMARY
Imaging of H 2 O 2 and leukocytes in zebrafish. One-cell-stage zebrafish embryos were injected with HyPer mRNA. 3 d.p.f. larvae were subjected to tail-fin tip amputation and mounted in 1% low-melting agarose. HyPer fluorescence was excited with 501/16 and 420/40 band-pass excitation filters and corresponding YFP emission was acquired every 2 min within 3-42 min after injury using a 535/ 30 band-pass emission filter. For calculating HyPer ratio images, YFP 500 and production and leukocyte recruitment. a, Scheme of mammalian NADPH oxidases also found in zebrafish 12, 13 YFP 420 images were smoothed, background subtracted, thresholded, and then divided. Leukocytes were imaged every 30 s within 3-42 min after tail-fin incision of fluorescent leukocyte reporter zebrafish larvae. Leukocyte migration to the wound was observed both by fluorescence and transmission imaging. Final leukocyte count at the wound margin was assessed 42 min after injury.
Zebrafish larvae were anaesthetized for wounding and imaging experiments. All media were sterile filtered. Blades were treated with 70% ethanol before use. Imaging was optimized for low illumination, and performed on an inverted wide-field microscope equipped with a CCD camera and a mercury illumination source. Genetic and pharmacological perturbations. Anaesthetized larvae were incubated with pharmacological compounds up to 40 min before wounding and during imaging. Antisense morpholinos were injected into 1-cell-stage embryos. Morpholino-mediated splice perturbation was confirmed by RT-PCR.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
